Skin lesions are classic clinical signs of toxicity due to long-term exposure to arsenic, and they are considered precursors to arsenic-related skin cancer. The authors prospectively evaluated synergisms between effects of arsenic exposure and those of tobacco use, sun exposure, and pesticide and fertilizer use on incident skin lesions using risk factor data from 5,042 men from the Health Effects of Arsenic Longitudinal Study in Araihazar, Bangladesh, which recruited participants from October 2000 to May 2002. Discrete time hazard models were used to estimate measures of synergistic interactions on the additive scale. The authors observed significant synergistic effects between various measures of arsenic exposure and smoking and fertilizer use. The relative excess risks for the interactions between smoking status and arsenic exposure were 0.12 (95% confidence interval: 0.06, 0.19) for water arsenic and 0.11 (95% confidence interval: 0.05, 0.15) for urinary arsenic measures, respectively. Significant synergistic effects were also observed between fertilizer use and water arsenic (relative excess risk for the interaction ¼ 0.06, 95% confidence interval: 0.01, 0.12). This is the first prospective study based on individual-level data that supports a role for smoking and certain occupational risk factors in modification of the effect of long-term arsenic exposure on skin lesions. Understanding differential arsenic susceptibility allows researchers to develop interventions to prevent the health consequences of this massive problem in the Bangladeshi population and beyond.
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It is estimated that approximately 100 million people worldwide have experienced long-term exposure to arsenic through naturally contaminated drinking water, with particularly high rates of exposure in Taiwan, Mexico, India, Chile, Argentina, and Bangladesh (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . In the 1970s, hand-pumped wells were installed in Bangladesh to provide pathogen-free groundwater for consumption. These wells gradually became the primary source of drinking water for the country's approximately 150 million people. Unfortunately, the natural arsenic contamination of the groundwater remained unknown until the 1990s and, as a result, an estimated 35-77 million people in Bangladesh have had longterm exposure to arsenic through this water supply (11) (12) (13) .
Arsenic is a class 1 human carcinogen and has been linked to a variety of adverse health outcomes, including cancers of the skin, lung, bladder, liver, and kidney (3, (13) (14) (15) . Arsenic-associated cancers are considered a late phenomenon related to long-term exposure to arsenic, usually occurring after !10 years of exposure (14) . Skin lesions, however, are generally relatively early manifestations of arsenic toxicity and are often considered precursors to arsenic-induced basal and squamous cell skin cancers (16) . Therefore, understanding the risk factors that contribute to skin lesion incidence due to arsenic may improve our understanding of the cause of arsenic-related skin cancers.
Prior studies have suggested that arsenic exposure is necessary for the development of premalignant skin lesions; however, high interindividual variability and differential arsenic susceptibility in men and women suggest that perhaps it alone is not sufficient to cause lesions (17) . Numerous epidemiologic studies have examined the relation between long-term arsenic exposure and the prevalence of skin lesions in populations worldwide. Cross-sectional and retrospective studies conducted in Bangladesh (7, 18) (M. Argos, University of Chicago, unpublished data, 2010), India (4), and Chile (6) have suggested significant trends for the prevalence rates of skin lesions in relation to arsenic exposure status, as well as differing rates of susceptibility in men and women.
The Health Effects of Arsenic Longitudinal Study (HEALS) was initiated in 2000 to prospectively investigate the relation between long-term arsenic exposure and adverse health outcomes, with an initial focus on the effects of arsenic exposure at low to moderate levels on the incidence of premalignant skin lesions. We previously evaluated the modifying effects of sun exposure, tobacco use, and pesticide and fertilizer use on the relation between arsenic and skin lesion prevalence in a cross-sectional analysis of baseline HEALS data (16) . Cross-sectional findings suggested an apparent synergistic effect between a high level of arsenic exposure and tobacco smoking in men (16, 19) . Whereas the effects of smoking on internal organs have been studied extensively and associations between smoking and cancers of the lung, bladder, esophagus, and cervix have been wellestablished, studies have not consistently identified smoking as a significant risk factor for nonmelanoma skin cancers (20) . In the present study, we utilized 6 years' worth of follow-up data on the HEALS cohort to prospectively evaluate synergistic interactions between long-term arsenic exposure and environmental and occupational factors, especially smoking, in relation to skin lesion incidence.
MATERIALS AND METHODS

The Health Effects of Arsenic Longitudinal Study
HEALS is a prospective cohort study of a populationbased sample of adults in Araihazar, Bangladesh. Detailed information on study methodology and sampling has been previously described (18) . In short, a sampling frame was created by collecting water samples, geographic data, and basic demographic information for the users of 5,966 contiguous wells in a 25-km 2 study area (5). Between October 2000 and May 2002, a total of 11,746 married individuals aged 18-75 years were recruited for inclusion in the cohort, 5,042 of whom were men. Because exposure to sun, tobacco, pesticides, and fertilizers is uncommon among women in this study population, we restricted our present study to men only.
Trained research physicians conducted baseline interviews that included questions about water-drinking patterns and history, as well as about demographic information and lifestyle characteristics pertaining to occupation and diet. In addition to the interview data, study personnel collected urine and blood samples from participants in their homes according to a structured protocol. Trained physicians conducted a comprehensive physical examination, with a specific focus on the signs and symptoms of arsenic-related diseases, including skin lesions and skin cancers. Participants were subsequently visited for biennial follow-up evaluations, which consisted of an interviewer-administered questionnaire, a physician-administered clinical examination, and urine sample collection. Study physicians were blinded to the arsenic level of the participants' drinking water during all visits.
Exposure assessment
Three primary measures of chronic arsenic exposure were obtained at baseline for each individual in the HEALS cohort: well-water arsenic concentration, daily arsenic intake from drinking water, and creatinine-adjusted urinary total arsenic concentration. At baseline, participants were asked to identify the well used as their primary source of drinking water. Corresponding well-water arsenic exposure levels were subsequently assigned based on these responses. The concentrations of arsenic in each of the 5,966 tube wells assessed in the study were measured using laboratory-based methods previously described (16, 18) . In short, water arsenic concentrations were measured using graphite furnace atomic absorption spectrometry with a detection limit of 5 lg/L. Samples below the limit of detection were subsequently reanalyzed using inductively coupled plasma mass spectrometry with a detection limit of 0.1 lg/L (16, 18) . Daily arsenic intake (lg/day) was calculated by multiplying the well-water arsenic concentration of the primary well (lg/L) by the self-reported daily amount consumed from that well (L/day).
Out of the total male cohort (n ¼ 5,042), approximately 96% (n ¼ 4,855) provided a spot urine sample at baseline. Urinary total arsenic concentration was measured using graphite furnace atomic absorption spectrometry with a detection limit of 2 lg/L. Urinary creatinine was measured using a colorimetric Sigma Diagnostics Kit (Sigma-Aldrich Corporation, St. Louis, Missouri), and the urinary total arsenic value was subsequently divided by creatinine level to obtain the value for creatinine-adjusted urinary total arsenic concentration (expressed as lg/g creatinine) (18, 21) .
Well-water arsenic cutpoints for the first and second well-water quintiles at baseline corresponded to the World Health Organization's guidelines for arsenic in drinking water ( 10 lg/L) and the national standard for arsenic in drinking water in Bangladesh ( 50 lg/L), respectively. Urinary total arsenic concentration and daily arsenic dose were divided into quintiles on the basis of the baseline distribution of the cohort.
Of the 5,042 male participants with baseline sample data, we excluded 584 individuals who had prevalent skin lesions at baseline, 165 who had missing data on baseline skin examination, and 302 who had missing data on follow-up skin examination. Thus, 3,991 men were eligible and included in the current analysis using well-water arsenic concentrations. Of those, 3,804 men had provided spot urine samples; corresponding analysis for urinary arsenic concentration was conducted in that group.
Outcome assessment
Methods for the ascertainment of skin lesions in HEALS have been described in detail elsewhere (11, 18) . Briefly, using a structured protocol, trained study physicians examined each subject and recorded the presence or absence of skin lesions, the location of any skin lesions, and their size and shape at baseline and each biennial follow-up visit. During the study follow-up period, 613 incident skin lesions were detected in the study sample. Participants who did not develop skin lesions were censored at the third biennial follow-up (n ¼ 3,173) or at the time of last skin examination (n ¼ 205). For the purposes of these analyses, once an individual was censored, his data was not reentered into the analysis cohort.
Occupational and lifestyle factors
To evaluate possible interactions between arsenic exposure and other environmental or occupational covariates, we collected detailed information about potential risk factors. These risk factors included smoking status and occupational uses of fertilizers and pesticides, including additional information regarding duration and current use. Men with outdoor occupations were queried about daytime working hours and whether their bodies remained covered while working outside to obtain an approximate measurement of the extent of sun exposure.
For the purpose of this analysis, participants were classified as past, current, or never smokers. We further categorized smoking status by calculating pack-years as the product of cigarettes per day and years of smoking divided by 20. Pack-year categories of no exposure, low exposure, and high exposure were created based on the median of the distribution of pack-years among those with any exposure in the total male cohort population (10 pack-years).
Similar to the categorization of pack-years, low and high fertilizer use, pesticide use, and sun exposure categories were constructed based on the median value of the number of hours exposed per day in the male cohort population among those with exposure. The median exposure times for those participants who answered yes to fertilizer use, pesticide use, and sun exposure were 10 years, 7 years, and 8 hours per day, respectively.
Covariates
Covariate data were derived from the baseline interview. Sociodemographic factors included age (continuous years), years of education (continuous), and whether the participant received formal education (yes or no). Body mass index (calculated as weight in kilograms divided by height in meters squared) was derived from measured height and weight at baseline. Standard international cutoffs were used to classify participants into underweight (<18.5), healthy weight (18.5-24.9), and overweight (!25) categories.
Statistical analysis
Discrete time hazard models were used to estimate discrete time hazard ratios and their 95% confidence intervals for incidence of skin lesions. Discrete time hazard was defined in this study as the probability that an individual would develop a skin lesion in each biennial follow-up cycle, conditional on that individual being lesion-free in the previous study interval (15) . Conditional probability of a new lesion was estimated using a log-linear model with common regression coefficients across all intervals, with different intercepts for each. Regression coefficients are log discrete time hazard ratios, analogous to continuous time hazard ratios corresponding to traditional proportional hazards models (22) . We used robust standard errors for discrete time hazards to account for potential correlation due to the clustered sampling of individuals within each primary well group (23, 24) .
Arsenic exposure quintiles (for urinary total arsenic, daily arsenic intake, and water arsenic concentrations) were first modeled as dummy variables in separate regression models adjusting for age. Body mass index, formal education, years of education, and follow-up interval were included together in the analysis as potential confounders based on our a priori understanding of causal factors associated with arsenic-related skin lesions. Models were further adjusted for environmental covariates based on their interrelationships in our study population. Specifically, models for the effects of fertilizer use, pesticide use, and sun exposure were adjusted for the remaining covariates because of high intervariable correlation. Models assessing smoking effects (both smoking status and pack-years) were not adjusted for these additional environmental or occupational modifiers, as those variables were not found to be correlated with smoking variables in our study population.
In certain biologic models, the joint effects of 2 factors follow an additive pattern on the hazard of the outcome of interest (25) . Therefore, in this analysis, we assessed the presence of interaction on the additive scale between arsenic exposure and each of the potential interacting factors-sun exposure, fertilizer use, pesticide use, and smoking status. Multivariate-adjusted estimates were used to estimate the relative excess risk for interaction (RERI), which was calculated as follows:
where b 1 is the coefficient of the ordinal arsenic exposure measure, b 2 is the coefficient of the ordinal effect modifier measure, and b 3 is the coefficient of the cross-product of the ordinal arsenic exposure and ordinal effect modifier (25, 26) . Bias-corrected and accelerated 95% confidence intervals of the RERI were estimated via 1,000 bootstrap samples, in which the resampling was performed at the level of the well.
Estimates for 95% confidence intervals were also calculated using the standard delta method described by Hosmer and Lemeshow, with similar results (not shown) (27) . Statistical analyses were performed using the Statistical Analysis System, including the procedure GENMOD for analysis, release 9.2 (SAS Institute, Inc., Cary, North Carolina), and STATA, version 11 (StataCorp LP, College Station, Texas).
period. Characteristics of the cohort according to skin lesion status are shown in Table 1 . Dose-dependent associations for skin lesion incidence were seen with well-water arsenic and urinary total arsenic concentrations. In unadjusted models, having a formal education, increasing years of formal education, and body mass index were associated with decreased risk of skin lesions, whereas the remaining covariates (fertilizer use, pesticide use, increasing age, current smoking, and sun exposure) were associated with increased skin lesion incidence. The distribution of daily arsenic intake was qualitatively similar to the distribution of wellwater arsenic concentration and is therefore not shown in Table 1 .
The results from the models assessing interactions between well-water arsenic concentration and occupational and environmental effect modifiers are reported in Table 2 . In multivariate adjusted models, the association between arsenic and skin lesions was generally stronger in the presence of each candidate effect modifier. For example, in all 3 categories of fertilizer use, we saw dose-dependent increases in the risk of skin lesions by each quintile of water arsenic exposure. Similarly, at each quintile of water arsenic exposure, the risk of skin lesions was consistently higher for those with either level of fertilizer use (above or below mean exposure time of 10 years). This pattern was present for each of the effect modifiers in question, with particularly large effect sizes evident across categories of smoking status, with a hazard ratio of 10.25 (95% confidence interval: 6.48, 16.23) for past smokers with the highest level of arsenic exposure and a hazard ratio of 8.35 (95% confidence interval: 5.53, 12.61) for current smokers with the highest level of arsenic exposure when compared with nonsmoking individuals at the lowest level of arsenic exposure.
We evaluated whether there was interaction (on the additive scale) between water arsenic concentration and each of the occupational and environmental effect modifiers (fertilizer use, pesticide use, smoking status, and sun exposure) in relation to skin lesion incidence. We observed that the joint Table continues effects of well-water arsenic concentration and exposure to certain occupational and environmental risk factors were greater than the sum of their individual effects. For example, the calculated RERI for the interaction between smoking status and water arsenic exposure was 0.12 (95% confidence interval: 0.06, 0.19), indicating that for every quintile increase in arsenic exposure and unit increase in fertilizer exposure, the hazard ratio was 0.12 more than if there was no interaction (i.e., if the risks were additive). Analysis of smoking status, pack years, and fertilizer use yielded evidence of a synergistic (additive) interaction for water arsenic exposure. We also analyzed the potential interactions between environmental and occupational risk factors and creatinineadjusted urinary total arsenic concentrations (Table 3 ). In general, the estimates for risk of skin lesions in relation to increasing levels of arsenic exposure or increasing levels of environmental or occupational exposure were similar to those seen in Table 2 . However, RERI estimates were slightly attenuated, and analyses of urinary total arsenic concentration on risk of skin lesions yielded nonsignificant results for fertilizer use and statistically significant synergistic effects for smoking status and pack-years only.
Finally, we conducted analyses using daily arsenic intake. These results were qualitatively very similar to the results for well-water arsenic concentration and are therefore not shown here.
DISCUSSION
In the present large prospective cohort study, we evaluated on the additive scale the interaction between arsenic exposure and measures of sun exposure, fertilizer and pesticide use, and smoking status in men. We observed an apparent synergistic effect between smoking and arsenic exposure, as measured by well-water arsenic concentration, creatinine-adjusted urinary total arsenic concentration, and daily arsenic intake, and between fertilizer use and arsenic exposure, as measured by water arsenic concentration and daily arsenic intake only. Results of this study suggested that men in this cohort with a history of smoking and high fertilizer use may be more susceptible to incident skin lesions than are those with no smoking history or fertilizer use, even at the same level of arsenic exposure. Arsenic exposure has been previously linked to increased risk of skin lesions based on findings from cross-sectional studies (2, 4, 6, 7, 11, 16, 18) . Cross-sectional analysis of the HEALS baseline cohort data showed synergistic effects between the highest level of arsenic exposure (>113 lg/L) and tobacco smoking on risk of prevalent skin lesions in men. That study also observed possible synergistic effects between higher levels of arsenic exposure (28.1 lg/L-113.0 lg/L and 113.10-864.0 lg/L) and fertilizer use in men (RERI ¼ 1.0, 95% confidence interval: À0.2, 2.2) (16). Prior analyses suggested that despite its necessary role in the development of skin lesions, arsenic exposure alone may not be sufficient to cause skin lesions. The present study reports, for the first time, findings from prospective analyses attempting to identify possible causal partners that modify the effect of arsenic on risk of skin lesions based on individual-level data. Abbreviations: CI, confidence interval; HR, hazard ratio; RERI, relative excess risk due to interaction. a Adjusted for pesticide use, working uncovered, smoking, body mass index, formal education, years of education, and follow-up interval. b Adjusted for fertilizer use, working uncovered, smoking, body mass index, formal education, years of education, and follow-up interval. c Adjusted for fertilizer use, pesticide use, smoking, body mass index, formal education, years of education, and follow-up interval. d Adjusted for body mass index, formal education, years of education, and follow-up interval.
Research suggests that an important limitation in understanding differential susceptibility to arsenic exposure can be attributed to the biologic complexities of arsenic metabolism (28) . In humans, inorganic arsenic ingested through drinking water is taken up through red blood cells and distributed primarily to the liver, kidneys, spleen, lungs, and skin (29) . It has been hypothesized that the methylation of arsenic may be important in this process (1, 3, (28) (29) (30) (31) . Decreased methylation capacity inhibits the conversion of inorganic arsenic to a form with lower tissue affinity and allows unmethylated arsenic to be deposited in hair, bone, and skin. The present study did not incorporate arsenic methylation measures directly. However, investigation of biologic cofactors known to be responsible for decreased methylation capacity, such as smoking, may help identify determinants of arsenic metabolism and thus elucidate the underlying mechanism of interindividual variability in risk of skin lesions (16, 31) .
In addition to its effects on methylation, arsenic exposure may also adversely alter 1 or more DNA repair processes. Recent studies have shown that arsenic exposure decreases DNA repair capacity (32, 33) . Thus, it is possible that tobacco-carcinogen-induced DNA damages would be less efficiently repaired in individuals exposed to arsenic through drinking water.
The results of the present study provide evidence for an interaction between arsenic exposure and smoking status on the additive scale. Our results suggest higher hazard ratios Smoking has been well-characterized as a risk factor in several cancers, including cancers of the bladder, oral cavity, pancreas, and esophagus (20, 29) ; however, results of prior studies have not consistently established a significant association between smoking and nonmelanoma skin cancers (20, (34) (35) (36) . Our findings suggest evidence for a significant synergistic effect between smoking and arsenic exposure on incident skin lesions, which may be potentially explained by the biologic consequences of decreased methylation due to smoking and may have considerable implications for the association between smoking and skin cancer risk. Additionally, our results suggest an increased risk of skin lesions even in individuals at the lowest level of arsenic exposure. Although theoretically, arsenic exposure is necessary to cause skin lesions, the results of the present study also suggest that perhaps there is a mechanism through which smoking alone can increase the risk of skin lesions.
The potential mechanisms through which exposure to fertilizers leads to increased risk of arsenic-induced skin lesions remain unknown. Reports have linked exposure to fertilizers and pesticides to occupational contact dermatitis (16, (37) (38) (39) . We provide evidence of a notable synergistic interaction between water arsenic exposure and fertilizer use. Further investigation is necessary to determine the biologic basis of this interaction and whether exposure to fertilizers and pesticides can further impact the progression of arsenic-induced skin lesions to skin cancers.
The data collected from the HEALS cohort permit various assessments of arsenic exposure, allowing for a more thorough understanding of the adverse impact of arsenic, even at the lowest levels of exposure. Additionally, the study provides detailed information about exposure status and length of use for various occupational and lifestyle risk factors, including smoking and excess sun exposure. Unlike in prior studies, we were able to prospectively investigate effect modification of the relation between arsenic exposure and incident skin lesions. Moreover, we assessed interactions on the additive scale and found evidence of a synergistic effect in relation to both water-and urine-based arsenic exposure measures. Self-reported information was utilized regarding well-use history, sun exposure, smoking habits, and pesticide and fertilizer use. Although the validity of self-reported well use was good, one potential limitation of the study is misclassification of variables pertaining to occupational and environmental exposures, which could, in turn, have resulted in underestimation of the observed effects.
Our analysis is potentially limited by recall bias. Individuals were asked to report exposure to environmental risk factors such as pesticides and fertilizers, smoking, and working outdoors. It is likely that some participants misreported exposure to these factors. However, we do not suspect that individuals reported these exposures differentially based on their arsenic exposure. Therefore, the results reported here are most likely conservative estimates of the effects of these modifiers on the risk of skin lesions due to arsenic exposure. We attempted to control for potential confounding due to socioeconomic status by including variables regarding education level. Because of the prospective nature of the analysis, our results were likely not impacted by selection bias or reverse causality.
Ultimately, the identification of potential risk factors that are likely to impact skin lesion risk is useful in understanding differential susceptibility between populations. Our findings suggest that smoking status and exposure to certain occupational risk factors, such as fertilizer use, may increase synergistically with arsenic exposure to increase the risk of skin lesions in Bangladeshi men in this cohort. Because these skin lesions are often precursors to arsenic-induced skin cancers and are potentially markers of susceptibility to other health effects, the findings in the present study suggest that certain modifiable environmental factors may enhance the risk of skin cancer and other health outcomes (including internal cancers) due to arsenic exposure. With longer follow-up of the HEALS cohort, we will be able to examine this question empirically in the future.
